Introduction
High level radioactive wastes (HLW) should be disposed of in deep geological formations. Such a strategy is now accepted in all countries with a mature nuclear power industry [1] [2] [3] . The goal of disposing of HL W underground is to isolate radioactive wastes until their radioactivity decreases to an ecologically safe level. But isolation of HL W from the biosphere would not be absolute even in the case of the deep geological disposal.
The principal process, which can bring about HLW leakage from the underground repository, is radionuclide transport by groundwater. Geological conditions are, therefore, of paramount importance in the selection of a repository site. The general requirement, placed upon the geological conditions, is the minimization of the risk of HLW leakage from the repository to the biosphere by groundwater regional 2 • flow. Well developed methods of computer simulation of hydrogeological systems with forced convection of groundwater can be used for assessments, of such risk [4] .
Besides forced convection, processes involving free convection are also of importance in HLW geological disposal. HL W as opposed to other types of waste generates substantial amounts of heat.
Consequently, a HL W repository triggers thermal convection of the groundwater. This spontaneous process is one of the primary potential hazards for the long-term safety of the repository site [5] . Therefore, a reasonably achievable decrease of the risk caused by thermoconvective transport of radionuclides is one of the repository design requirements [2, 6] .
Mined and well repositories are the principal types of repository considered for geologic HLW disposal [2, 3, 6] . In mined repositories, canisters containing HLW are emplaced in the short boreholes drilled in the floor or walls of the underground drifts. In well repositories, canisters containing HL W are stacked along the axis in the lower part of each well. The mined repository option is of primary interest in the USA because retreivability is required by law. From the technical point of view, the retreivability requirement is easily satisfied in the case of a mined repository. But well repositories have particular advantages. They are much simpler in design and construction, and are less expensive.
In this paper the authors present the results of computer simulations of HL W leakage from a well repository by thermal convection of groundwater. The maximum concentration of radionuclides at the Earth's surface was accepted as a criterion for the safety evaluation. The problem is to obtain numerically the value of this maximum concentration and to find an approximatinp expression for the dependence between the maximum concentration and system parameters for a preliminary safety analysis of various well repository configurations.
Formulation of the Problem
Two conceptual models were considered (Fig. 1 ) . The first one represents the case of a single well repository ( Fig. 1 a) . The second model with two wells (Fig. 1 b) was examined for assessment of reciprocal influence between thermoconvective transport processes and the distance between the wells. 
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• In both models, wells of depth z2 and of radius rd are assumed to be vertical. Waste loaded canisters are emplaced in the lower parts of the wells over the interval/ = Z2-ZI· At the initial time t = 0, the waste specific heat generation is OOQ, w~ich decreases exponentially with time. Heat generated in the waste loaded canisters warms the enclosing rocks. As a result, free thermal convection of groundwater develops, and transports radionuclides leached from the waste towards the Earth's surface.
In order to taking a conservative approach regarding safety, the extreme case is considered where all the canisters are damaged initially. The radionuclide concentration at the surface of the waste is assumed to be limited by the solubility of the waste form. Radionuclides leached from the waste form are transported away by convective flow. Radionuclide transported in the groundwater will be retarded by sorption and by chemical reactions. These processes are not taken into account here, i.e., it is assumed that dissolved components move with the same velocity as the groundwater. Diffusion and hydrodynamic dispersion are taken into account, however, as well as the gradual decrease of radionuclide concentration in the groundwater due to radioactive decay. As noted above, the maximum acceptable concentration of radionuclides at the Earth's surface is taken as the safety criterion.
Mathematical Formulation of the Problem
It is assumed that the thermophysical properties of the pore fluid (except density in the expression for gravitational force) and of the enclosing rocks are constant. The fluid phase is assumed to be a single phase liquid in thermal and chemical equilibrium with the enclosing rocks.
Let us initially consider the model with a single well. In assuming cylindrical symmetry for the problem, the system of equations for convective heat and mass transfer can be written in cylindrical coordinates as follows [7, 8] :
The continuity equation
az r or
Darcy's equations in Boussinesq's approximation
The heat transfer equation Values of hydrodynamic dispersion coefficients were defined according to [7] u2
where Dis the molecular diffusivity, au ar-linear parameters of dispersion.
w = .,Ju2 +v2
In order to exclude the pressure from the momentum equation it is worthwhile introducing the stream function, 'If, such that
The continuity equation therewith is satisfied automatically. After substitution of u and v we obtain the momentum equation in the following form
dr r dr f. 
where y is the concentration of radionuclides in the waste matrix, C 501 (1) -temperature dependent saturation concentration of matrix components in the aqueous solution at a specified temperature, z 2 and
Zt-are depths of the top and bottom of the waste loaded interval within the well, respectively.
The situation with the heat transfer equation is more complicated, because the one-dimensional stationary solution of the thermal conductivity problem for an infinite region tends to infinity at r d--+ 0 for the case of cylindrical symmetry. This obstacle is especially important, because boundary conditions for concentration depend on the temperature in the loaded part of the well. In this connection we have to take into account a value of r d that is different from zero for the problem of heat transfer, and the initial and boundary conditions for T should be written as
M-waste mass per unit length of the loaded part of the well, ro-heat generation rate per unit of waste mass.
We introduce the dimensionless variables where
The system of momentum, heat and mass transfer equations can now be written as p,c, aa
a1: az aR Ped az az
The dependence Csa 1 (1) , according to [9] , may be given as
where I:!.T is the temperature range within which Csat changes by an order of magnitude. The transformation to dimensionless variables for the set of initiai and boundary conditions is evident.
Let us now consider the model with two wells (Fig. 1 b) . This problem has two planes of symmetry.
The first plane (ll I) passes through axes of both wells, the second one (ll2) runs between them so that points on this plane are equidistant from both axes. Let us introduce a Cartesian coordinate system, xyz, 8 with the vertical z axis being the line of intersection of n 1 and 02 planes and horizontal x andy axes lying in the 01 and 02 planes, respectively, SO that X,)', Z axes form the right angles.
The momentum equations in this system are written in the form It is evident that the problem is essentially three-dimensional. The form of the regional boundary is rather complicated. Taking into account the fact that the well radius is much less than the characteristic dimension of the region, it is clear that an exact description of the regional boundary presents a problem for any net partition of the region. To solve this problem, it is worthwhile adopting a special coordinate system that permits us to transform the regional boundary to a surface of simpler form. For example, the horizontal cross section of the region considered can be transformed to rectangle (as is shown in Fig. 2a ).
This transformation is achieved by coordinate conversion from { x,y} to { ~.Tl}. 
Results of Calculations
Both problems were solved numerically by finite difference methods.
A. The Single Well Model
The momentum equation was solved by the successive over relaxation method [10] , the equation of heat transfer was solved by the alternate directions method [10] , and the equation of mass transfer was integrated by a modified method of alternate directions with explicit determination of the second mixed spatial derivatives. The Courant condition was obtained from the Neumann's analysis of the last method for Cartesian coordinates in the absence of convection as where Az,AR are internodes Rand Z distances, respectively, A't is a step of integration with respect to 't.
The boundary conditions for K depend on the value of 9 at R = Rd = r ii. The r d value is several orders of magnitude less than the radial dimension of the region under consideration. But use of a nonuniform net, as a rule, complicates the finite differences relationships or brings about a decrease of the accuracy with respect to AR. For this reason, an approach similar to the one implemented in [11] was used.
The equation of heat transfer was solved in two stages for each step of integration. Initially the solution was obtained for a rough net (with internode distance AR), then for a finer net in the region R:::; AR.
Examples of the flow lines and isoconcentration lines are given in Figs. 3 and 4.
An analysis of the system parameters shows that Pe, c,.., and <>z vary the most. These three dimensionless parameters include rock properties (permeability, thermal conductivity), heat generation rate per unit well length and geometrical parameters (the distance from the Earth's surface and the length of waste loaded part of the well).
Calculations were carried out for the following ranges for the dimensionless parameters 
B. The Two Wells Model
Thermo convective transport processes occur when the wells are close to each other. An example of this effect is shown in Fig. 6 . Isotherms are slightly extended in the direction of the second well (in the single well model isotherms are concentric with the well axis). But it is so only in that part of the region under consideration, which is affected by thermal perturbations from the second well. Thus, for the same parameter set, the temperature field in the vicinity ofthe first well (at a greater distance from the second well) is almost the same as for the single well. In particular, the maximum temperatures in the loaded part of the well (Fig. 7) are almost equal for the case of h = 50 m and h = I 000 m.
As is mentioned above, the maximum concentration ofradionuclides at the Earth's surface, Cma.x• was accepted as a safety criterion. The plot given in Fig. 8 shows the relation of Cma.x for the two well model to Cma.x for single well (h ~ oo) model. It can be seen that processes of thermoconvective transport of radionuclides in the near field of the wells can be considered as practically independent for well separations of more than 100 m. In such a situation, an approximating expression obtained for the single well model can be used also for safety assessments for a repository represented by a regular set of the wells loaded with waste. 
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Calculated Examples
It is worthwhile giving an example to show how the approximating expression could be applied for repository safety assessment. Let us consider the following case. Assume that the region of a repository site is given and, thus, the properties of the enclosing rocks are known. Let us assume that the waste loading per canister, the number of canisters emplaced in the well and the well depth are also known. Then the approximating expression pe~its calculation of the distance z 1 from the top level of waste disposal to the Earth's surface for the given set of safety criterion.
We assume that tuff is the enclosing rock. According to [5] , the permeability, k, of tuffs is usually within the range 1QI6_1o-17 mQ. Let us assume that k= w- Waste heat generation at t = 0 is assumed, as in [5] , to be equal to 2.16 kWicanister. Then if the ·repository is loaded in such a way that each canister occupies 2 m of well length, we obtain Mroo = 1080 Wlm. Suppose, also, that the number of canisters in the well is 250. Then l = 500 m and Pe = 1.4.
The dependence of Kmax on Oz may be determined by using the approximating formula. A plot of this last dependence is presented in Fig. 9 (curve 1).
Let us assume further that the maximum concentration of radionuclides in the groundwater at the 
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• Let us select the isotope 90sr as an example. According to [14] , the HLW weight fraction in the waste form is usually 10-35% and, according to [15] , the weight fraction of 9°Sr in the HL W is about 5%. Then for 90sr we have y= 0.005-0.0165. Assume that y= 0.01 in our case.
From [9] , Csa~To) = 5·10-5 g/cm 3 at To= 20°C. For 90 Sr,Ciim = 2·10-15 gm/cm 3 . Then Klim = 4·10-9.
Horizontal line 2'in Fig·. 9 corresponds to this value. According to accepted safety criteria, the inequality Kmax(Pt,C,.,,Oz) ~ Klim should be' satisfied.
It can be seen from the Fig. 9 that lines 1 and 2 cross each other at ZI = 430 m. This implies that the safety criterion is fulfilled when the top level of the waste loaded interval of the well lies at a depth greater than 430 m. Therefore, the depth of the well when I = 500 m must be more than 930 m.
Discussion
The example given above shows how the approximating expression obtained in this paper can be used for preliminary calculations in the design of an underground well repository for HL W. It is worthwhile mentioning that the model considered in this paper is "conservative" in that there is an added measure of "safety assurance" because the computer simulation was carried out for the most unfavorable case. All the canisters were assumed to be damaged, radionuclide retardation by an engineered barrier between the canisters and the wall of the well (e.g., bentonite, vermiculite, etc.), and sorption by the enclosing host rocks was not taken into account. Incorporation of these factors in a computer simulation could be readily achieved, but would make it impractical to generalize the results.
The models are an initial step in computer simulations of thermoconvective transport of radio nuclides from a well type repository. The specific feature of the process as revealed by the above results is that the radionuclides concentration difference between the boundary of the well and the Earth's surface differs by about ten orders of magnitude. This places rigorous requirements on the precision of calculations. For future developments of the model, therefore, it is reasonable to use the variable InC instead of C (taking into account a nonzero background value of C) for calculation of radionuclide concentrations. The precision of the calculations will be much higher in such a case, because the range of InC variation is much 23 less than that of C. But with such a substitution the equation of mass transfer becomes nonlinear with respect to InC and the computational time increases, because an iterative procedure would be needed.
Refinen:tents should also be introduced in the formulation of the boundary conditions of the model. The rate of waste form leaching depends on the fluid flow velocity in the near-field of the repository.
Therefore, the concentration of radionuclides in the fluid at the well boundary can differ from the concentration determined from the equilibrium condition of the waste matrix component.
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